Small-signal stability is one of the main factors limiting power transmission in conventional power systems. This concern is primarily handled by adding damper windings of a synchronous generator and power-system stabilizer (PSS). However, due to the impact of the N-1 contingency, damper windings and a conventional PSS are insufficient to overcome this problem. Proper placement and design of the PSS are crucial for improving stability. One approach to optimizing the placement and tuning of the PSS is to use an artificial-intelligence method. Here, the cuckoo-search algorithm (CSA) is proposed to optimize the PSS tuning and placement. Based on simulation, it is found that a PSS based on the CSA can enhance the system's small-signal stability. The critical, local, and inter-area modes of the investigated system improve significantly. The oscillatory condition is more highly damped, as indicated by a smaller overshoot and faster settling time. It is also found that the CSA can be used to tune the PSS parameter under an N-1 contingency. From the analytical results of the N-1 contingency condition, optimal tuning of the PSS parameters was obtained, resulting in PSS-placement options for generators 1 to 7 and 12 to 15, producing a minimum damping of 0.611.
Introduction
Small-signal stability is a concern in power-system operation as it corresponds to the ability of the system to maintain its stable condition after being addressed by a small disturbance [1] . Oscillatory conditions related to local and inter-area electromechanical modes among synchronous generators have dominated this stability [2] .
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Since the N-1-contingency condition can emerge suddenly, it is crucial to assess its impact upon small-signal stability. The N-1-contingency condition requires the system be able to tolerate any perturbation without failure [3] . This condition is related to the failure of the power-system components such as the generator, transformer, and transmission line. In this paper, loss of the transmission line is considered as an N-1-contingency condition. Moreover, this failure condition may significantly impact small-signal stability for tasks such as loss-power transfer and result in partial or full blackout of the system. Conventionally, this stability is primarily ensured by adding damper windings to the system and installing a PSS in the exciter. The PSS has shown good performance over the last decade in improving the small-signal stability of power systems. However, with the emergence of an N-1-contingency condition, conventional PSS is insufficient. Hence, a nature-inspired method can be considered in the design of the PSS.
The metaheuristic algorithm is inspired by nature to solve complex problems. This algorithm can be categorized into three parts: physically based inspiration, socially based inspiration, and biologically based inspiration [4] . For this type of metaheuristic algorithm, biologically based inspiration has become very attractive in recent years. Genetic algorithms (GAs), particle-swarm optimization (PSO), and differential-evolution algorithms (DEAs) are all considered to be biologically inspired.
Many papers have been published in the field of PSSparameter tuning using a metaheuristic algorithm. A GA-based method for tuning the PSS parameter was presented in [5] . Parameter optimization of the PSS based on PSO was presented in [6] . Application of honey-bee-mating optimization was reported in [7] . DEAs can also be used as intelligent methods to optimize PSS parameters, as reported in [8] . Recently, a cuckoo search algorithm (CSA) method has been applied to solve the optimization problem, and has shown good performance [9] . The CSA is a metaheuristic method inspired by the behavior or daily breeding habits of cuckoo birds, as developed by Xin-She Yang in 2013 [10] . This paper applied the CSA to enhancing the smallsignal stability of a power system under the N-1-contingency condition. The rest of this paper is organized as follows: section II briefly explains the fundamental theory of small-signal stability, as well as the dynamic model of the power system used to study this stability and to model the power-system stabilizer. The methodology comprising the CSA and tuning procedure is described in section III. Section IV shows the results and discussion of the damping, placement index, and eigenvalue of the critical, local, and inter-area modes of the test system with intelligent PSS based on CSA.
Comparison of the time-domain simulation of cases without PSS, with conventional PSS, and with intelligent PSS based on CSA are also presented in section IV. Section V highlights the conclusions, contributions, and future direction of this research.
Fundamental Theory. Small-signal stability. Small-signal stability is the ability of a power system to find new operating conditions after being exposed by small disturbances [11] . This instability emerges due to a lack of damping and synchronization torque. If this stability is not well maintained, it may increase oscillatory behavior, leading to an unstable condition and eventual blackout [12] . The blackouts in USin August 2003 and in India in July 2012 were due to a low small-signal stability [13] .
Small-signal stability can be categorized into two phenomena, one local and one global. The local phenolmenon is related to the interaction between small parts of the power system and the system as a whole in one power station. The oscillation frequency of this phenomenon is around 0.7-2 Hz [12] . The global phenomenon, meanwhile, which is usually called the inter-area oscillation, corresponds to the interaction between a large number of power stations. Generally, this problem has an oscillation frequency of around 0.1-0.7 Hz [12] .
Power-system model. The power system can be represented as a set of differential and algebraic equations as in (1) and (2) [12] :
Here, x and y are the stated variable and the algebraic variation, whereas l and p are uncontrollable and controllable parameters. The power system can be studied in two different ways depending on one's research interest. If one aims to capture the dynamic behavior of the local phenomenon, then a power system connected to an infinite bus can be used. On the other hand, if one wishes to capture local and global problems, then a realistic model of the power system, called the multimachine power system, can be studied [12] .
Generator modeling. In this research, a generator model based on Park's transformation is used. Park's transformation projects the magnitude of the generator onto three axes: the direct axis, the quadrature axis, and the stationary axis. Representation of the generator in the DQ model can be expressed in (3) [14, 15] the rotating magnetic field, M D and M Q are the mutual inductances, ∆i d and ∆i q are the stator currents along the d and q axes, ∆i F is the rotor-field current, ∆i D and ∆i Q are the rotor currents along the d and q axes, ∆ω is the generator-speed change, and ∆δ is the generator rotorangle change.
Exciter modeling. The function of an excitation system is to regulate the generator-output variables. For smallsignal-stability analysis, the excitation system can be represented as a first-order delay with a gain constant. This is called the fast-exciter model. Figure 1 shows a block diagram of the fast-exciter model for this research [14, 15] .
Governor modeling. The purpose of the governor is to regulate the mechanical torque of the generator. The fluctuation of mechanical torque in the governor corresponds to the generator speed, load variation, and speed-reference variation. Figure 2 illustrates a block diagram of the governor [14] [15] [16] .
Power-system Stabilizer. PSSs are widely used in power systems to enhance the small-signal stability. A PSS is used as an excitation-system controller to provide damping.
To produce damping components, the PSS produces electrical torque according to the rotor-speed deviation [17] . Figure 3 shows a block diagram of the PSS.
Methods
Cuckoo search algorithm. The cuckoo search algorithm is a metaheuristic algorithm method inspired by the breeding behavior of cuckoo birds; Xin-She Yang and Deb developed this method. This algorithm can be utilized in an optimization problem to determine a globally optimal value [18] [19] [20] [21] [22] . Fig. 4 illustrates the breeding of cuckoo birds, while Table 1 shows pseudo code for the CSA [18] [19] [20] [21] [22] .
When new solutions x (t + 1) are generated for a cuckoo i, a mathematical representation of levy flight is shown in (4): [18] [19] [20] [21] [22] .
Here, α> 0 measures the stages that should be related to the scale of the problem of interest [18] [19] [20] [21] [22] . In most cases, α = 1. The levy flight, which essentially gives a random way when the length is taken from the random phase distribution Levy is described in (5) [18] [19] [20] [21] [22] .
Tuning and placement procedure. In general, the number of PSSs installed in the power system does not equal the number of generators and the minimum number 
Here, is the i-th eigenvalue and is its real component. For each placement index, the minimum value of the damping ratio will be evaluated by an intelligent method proposed using the CSA. Then, based on the best placement PSS ζmin maximum value greater than ζ0. Figure 5 shows the tuning-parameter-optimization procedure of PSS. Table 2 shows the CSA parameters and Table 3 illustrates the constraints of PSS parameters. Here, the constraint for the Kpss constant ranges from 0 to 50, T1 and T2 range from 0 to 0.05, T3 ranges from 0 to 1, and T4 ranges from 0 to 2.
Results and Discussion
In this research, case studies were carried out in the MATLAB/SIMULINK environment. The test system is the "Sulselrabar" multi-machine power system operating at 150 kV. A modification was made to the system by eliminating the line between the Sidrap (28) and Maros (29) buses to simulate the condition of the N-1 contingency. Figure 6 shows a one-line diagram of the investigated system. This system comprises 16 power plants, 37 buses, and 46 transmission lines. In this research, each power plant was presented using a nineorder model with an exciter and governor. The Sidrap (28) and Maros (29) buses are selected because these channels connect the largest load centers, such as Makassar, Maros, Barru, and Sungguminasa. In practice, this channel experiences many dynamics when interference occurs; therefore, a study is required when the system is in the N-1 condition.
As reported in [17] , the minimum number of PSSs installed in the system is half the number of the machines. Hence, not all machines have to have a PSS, thereby saving costs. Consideration of PSS placement is based on the smallest damping of the machine. Table 4 shows the damping of the Sulselrabar test system. According to the table, the damping ratios of generators 1 to 7 and 12 to15 had noticeably smaller damping ratios than generators 8 to 11 and 16. Hence, PSS was installed in that generator. Furthermore, the number of PSSs installed in the system was analyzed based on the objective function of the CSA. Table 4 illustrates the placement index of the PSS. It was shown that the optimal number of PSSs was 14, as indicated by the higher CDI. Hence, this scenario (14 PSSs) was chosen. Moreover, the eigenvalues of the critical, local, and inter-area modes were investigated in this research. Table 5 show the eigenvalues of critical, local, and inter-area modes. It was noticeable that the investigated system had 8 local modes and 4 inter-area modes. It was also found that there were 4 critical modes. From the table, it was noticeable that the eigenvalues of the critical, local, and inter-area modes improved when PSSs were installed in the system. Moreover, the proposed PSS placement and tuning using CSA results in much better modes than the conventional method.
To validate the eigenvalue, time-domain simulations were carried out. To observe the response, a small load perturbation was applied to the Bakaru generator giving a 0.05-pu step input. Figures 7 to 8 illustrate timedomain simulation of the generator-rotor speed and the rotor angle of investigated system. The oscillatory conditions of all generators were observed to be more highly damped when PSSs were installed. It was also found that the highest damping was experienced when the PSS was placed and tuned using the CSA method, as indicated by a small overshoot and the fastest settling time, as shown in Table 6 . 
The cuckoo algorithm proposed in this research finds the optimal value of the PSS parameter in the N-1 condition based on the objective used equation (7):
The minimum value of damping was evaluated using the CSA. Then, the best placement of the PSSs in the N-1 condition with a maximum value ζ min higher than ζ 0 was obtained from the results. After the optimal PSS placement was determined based on the damping values of each probability in the N-1 condition, the system's responses to frequency deviation and the rotor angle of each generator were observed an analyzed. Eigenvalues and overshoot were also used for comparison with other methods. The linear system model in the N-1 condition was subjected to various demand disturbances as an input with a load of 0.05 pu toward Generator Slack of PLTA Bakaru. Due to changes in loads, there were changes to the sides of loads which caused P m < P e , causing the frequency of the generator to be reduced to the N-1 condition. Meanwhile, when P e > P m , the rotor would slow down, and the rotor angle's response became negative: Table 6 . The graph also showed the small frequency of overshoot' responses using the optimal PSS parameter compared to tunning by using the conventional method and uncontrolled system/open loop in N-1 condition.
Conclusions
This paper investigated the placement and tuning of PSSs under the N-1 contingency. In the investigated system, the number of PSSs was found to be proportional to the damping of the system. It was also shown that a CSA may be used to optimize the PSS parameters under the N-1 contingency. Further research is required to analyze the small-signal stability in the present of high penetration of renewable energy resources under normal or N-1 contingency. The PSS parameters were optimized based on the objective function to maximize the minimum damping (ζ min ).
From the analytical results of the N-1 contingency condition, optimal tuning of PSS parameters was obtained and resulted in PSS placements on generators 1 to 7 and 12 to 15, producing a minimum damping of 0.611.
